We present results of long-term multi-wavelength polarization observations of the powerful blazar 3C 279 after its γ-ray flare on 2013 December 20. We followed up this flare with single-dish polarization observations using two 21-m telescopes of the Korean VLBI Network. Observations carried out weekly from 2013 December 25 to 2015 January 11, at 22 GHz, 43 GHz, 86 GHz simultaneously, as part of the Monitoring Of GAmma-ray Bright AGN (MOGABA) program. We measured 3C 279 total flux densities of 22-34 Jy at 22 GHz, 15-28 Jy (43 GHz), and 10-21 Jy (86 GHz), showing mild variability of ≤ 50 % over the period of our observations. The spectral index between 22 GHz and 86 GHz ranged from −0.13 to −0.36. Linear polarization angles were 27
INTRODUCTION
Active Galactic Nuclei (AGN) are among the most spectacular objects in the Universe. They produce enormous luminosities (∼ 10 42 to ∼ 10 48 erg s −1 ) in compact regions (i.e., ≪1pc
3 ) and radiate broadband continuum emission from radio to γ-ray (up to TeV energies) with often highly variable and polarized emission detected in particular at radio, optical, and γ-ray (see, e.g., Krolik 1999) . AGN are known to be powered by accretion of gas onto supermassive black holes (SMBH, M BH ≈ 10 6 − 10 9 M ⊙ ), launching relativistic outflows (jets) perpendicular to the accretion disk plane into interstellar space (see e.g., Boettcher et al. 2012 , for a review). AGN with relativistic jets roughly aligned with our line of sight (e.g., viewed within ∼20
• from the jet axis) are commonly called blazars. Characteristic properties of blazars are strong continuum emission, rapid variability, high polarization (at radio and optical), and sometimes a lack of significant emission lines. The high apparent Lorentz factors in the relativistic jets lead to amplification (boosting) of the continuum emission by the fourth power of the relativistic than 700
• during five days. The authors conclude that the jets are threaded by helical magnetic fields and that the γ-ray flares and the optical variations are caused by a single emission feature propagating in them. Several γ-ray bright AGN are well-studied, including the already mentioned PKS 1510-089 (cf. Marscher et al. 2010; D'Ammando et al. 2011; Orienti et al. 2011 ), 3C 454.3 (cf. Sasada et al. 2010 Wehrle et al. 2012) , and 3C 279 (cf. Larionov et al. 2008; Chatterjee et al. 2008; Abdo et al. 2010; Aleksić et al. 2014 ).
The blazar 3C 279 is one of the brightest highly variable sources at radio to γ-ray wavelengths. Its multiwavelength variability makes it one of the most interesting objects for studying radio-loud AGN and correlations in variability between different wavelengths. Abdo et al. (2010) investigated the correlation between 3C 279 γ-ray flares and the optical polarization angles using multi-wavelength data obtained around MJD 54880 (2009 February 18) when a γ-ray flare was detected by Fermi-LAT. They find that the optical EVPA rotates by 208
• after the γ-ray flare, while the flux density at radio and millimeter wavelengths did not vary significantly, indicating that the region of this event is optically thick at longer wavelengths (e.g., radio to millimeter). On 2013 December 20, another giant γ-ray flare was detected in this source by Fermi-LAT 6 . Hayashida et al. (2015) investigated a series of γ-ray flares peaking on 2013 December 20 (MJD 56646), 2014 March 2 (MJD 56718), and 2014 April 3 (MJD 56750). Comparing the γ-ray, X-ray, optical, and radio light curves of 3C 279, they find that the X-ray flux increased by ∼ 50% and the soft X-ray flux and photon index followed a harder-when-brighter trend. However, they were not able to find correlations between the γ-ray flares and other light curves at X-ray, optical (including polarization), and radio (only total flux), although the optical flux increased steadily after the γ-ray flare. Moreover, the radio flux was stable compared to the γ-ray and X-ray fluxes.
We conducted simultaneous multi-frequency (22 GHz, 43 GHz, and 86 GHz) polarization observations using telescopes of the Korean Very Long Baseline Interferometry (VLBI) Network (KVN), in order to study the possible correlation between the γ-ray flare on 2013 December 20 and variation of chromatic radio polarization as well as radio flux density. We describe the observations and the data reduction in Section 2, and present the results, including the 3C 279 flux density, the degree of linear polarization, and the linear polarization angle, in Section 3. Then, in Section 4 we discuss the results focusing on investigating the physical aspects of the chromatic radio polarization emission from the γ-ray flaring AGN: the spectral index, the Faraday rotation measure, and the factor of depolarization, and provide our conclusions. Our findings are summarized in Section 5.
6 Atel #5680: www.astronomerstelegram.org/?read=5680
OBSERVATIONS AND DATA REDUCTION

Observations
Soon after the giant γ-ray flare of 3C 279 on 2013 December 20 (MJD 56646), we started weekly single-dish polarimetric observations of this radio-loud AGN between 2013 December 25 and 2015 March 10 using KVN radio telescopes. Details of the observations are described in Table 1 .
The observations were conducted as part of a KVN monitoring program called MOnitoring Of GAmma-ray Bright-AGN (MOGABA; cf. Lee et al. 2013 ). The KVN is a VLBI network dedicated to mm-wavelengths and it consists of three 21-m radio telescopes in Korea (Lee et al. 2014) . Each telescope can observe at four frequency bands (22 GHz, 43 GHz, 86 GHz and 129 GHz), simultaneously, in single polarization, or at any two out of these four bands in dual circular polarization (Left-handed Circular Polarization, LCP and Right-handed Circular Polarization, RCP). For details on the KVN single-dish systems, see Lee et al. (2011) . For our single-dish polarimetric observations of 3C 279 at 22 GHz, 43 GHz, and 86 GHz, we used two KVN telescopes, since KVN telescopes have dual-polarization capability and support single-dish (non-VLBI) observing.
We observed (quasi-)simultaneously at three frequencies (22.400 GHz, 43.122 GHz, and 86.243 GHz) and used the KVN digital spectrometer with 4096 spectral channels across a bandwidth of 512 MHz, corresponding to a channel spacing of 125 kHz. For accurate polarimetry we also measured cross-polarization spectra. We aimed to study both intra-day and long-term variations of 3C 279, thus observations were conducted once a week (interrupted by KVN maintenance), with each observing session containing of 6 or 7 scans on 3C 279, and one scan on each calibrator, such as the Crab nebula, planets, and 3C 286.
Each observation session included multiple polarization observations of 3C 279 and calibrators. Each polarization observation of 3C 279 was composed of 8 sets of position-switching cycles, each with 16 on-off switching measurements towards the source and a reference sky patch, with a typical on-source integration time of 348 s (=8 × 16 × 3 s, where the on-source integration time for an on-off switching is 3 s). The duration of each polarization observation was about 40 minutes, including the antenna slewing time. We minimized telescope movement and calibrated the polynomial drifts of receiver output power, by conducting on-off switching measurements following a switching cycle OFF-ON-ON-OFF-ON-OFF-OFF-ON-ON-OFF-OFF-ON-OFF-ON-ON-OFF-ON-OFF-OFF-ON-OFF-ON-ON-OFF-OFF-ON-ON-OFF-ON-OFF-OFF-ON, as shown in Figure E .1 of Mangum (2000) 7 . The polynomial drifts of receiver output power are mainly due to the receiver gain variations and the atmospheric fluctuations on timescales from a few seconds to a few hundreds seconds Before each observing session, we corrected antenna pointing offsets and measured the total flux density (i.e., Stokes I) using cross-scan observations of the source. All observations followed antenna gain calibration measurements. To track changes in atmospheric opacity, once between every two polarization observations we measured the system temperature at eight elevations, 18.21
• , 20.17 • , and 65.38
• (so-called sky tipping curve measurements). The typical optical depths during our observations were 0.06-0.08, 0.16-0.18, and 0.12-0.15 in the 22 GHz, 43 GHz, and 86 GHz bands, respectively.
To calibrate the polarization angle, the Crab nebula was observed in each session (i.e., about once per seven days). The polarization angle of the Crab nebula at the KVN operating frequencies is well known and stable in time (Flett & Henderson 1979; Aumont et al. 2010) . Planets, such as Venus, Jupiter, or Mars were observed in each session for calibrating the instrumental polarization, based on the assumption that their emission is unpolarized. To ensure the reliability of the polarization calibration, the standard polarization calibrator 3C 286 was observed once per session as well. We calibrated the absolute flux density scale with antenna gain measurements using planets and the antenna gain-elevation curve (Lee et al. 2011 ). All observations were made at elevations between 30
• and 70
• , since according to the KVN status report of 2014, the antenna gains are stable in this elevation range 8 .
Data Reduction
We processed the polarimetric observations using the data processing software developed by Byun et al.
(in prep.), which we briefly describe in this section. The KVN digital spectrometer backend used for single-dish polarimetric observations outputs two single-polarization spectra (v ll * and v rr * ), and one complex cross-polarization spectrum (v lr * or v rl * , where v rl * is the complex conjugate of v lr * ) separated into real and imaginary parts (R rl * and I rl * ). All four Stokes parameters, I, Q, U , and V , can be estimated from these four polarization outputs using the following equations (Sault et al. 1996) :
8 http://kvn.kasi.re.kr/status_report_2014
where v ll * , v lr * , v rl * and v rr * are spectrometer outputs of circular feed horns, the subscripts l, r, l * , and r * indicate left-handed and right-handed circular polarizations and their complex conjugates, respectively, g l and g r are complex gain factors, d l and d r are complex terms describing cross-polarization leakage (d l : LCP to RCP, d r : RCP to LCP), i.e., the D-term, and χ PA is the parallactic angle. With the polarization outputs from the KVN spectrometer, we were able to determine the complex spectra of so-called combined-
by observing unpolarized sources such as Jupiter, Venus, or Mars, as shown in Figure 1a for the amplitude and in Figure 1b for the phase, assuming the Stokes parameters V = Q = U = 0 for the unpolarized sources. Then, we estimated the four Stokes parameters, i.e., I, Q, U , and V for the target sources.
From the estimated Stokes parameters, we obtained the total flux density, I, the degree of linear polarization, p = Q 2 + U 2 /I, and the polarization angle χ = (1/2) × arctan(U/Q), as shown in Figure 2 . The estimated polarization angle is converted to the intrinsic polarization angle by comparing the estimated polarization angle against the known angle of a primary angle calibrator, like the Crab nebula. We used χ = 154
• ± 2 • for the Crab nebula at 22-86 GHz bands (Flett & Henderson 1979; Aumont et al. 2010) . We evaluated the polarization observations by calibrating the linear polarization angles of 3C 286 when available. This target has stable polarization angles of 35 ± 0.2
• at 23 GHz, and 35.8 ± 0.1
• at 45 GHz (Perley & Butler 2013) . The polarization angles of 3C 286 obtained from our KVN observations at 22 GHz and 43 GHz are shown in Figure 3 . They are largely consistent with those of Perley & Butler.
We flagged 3C 279 polarization measurements in a session when the polarization angle of 3C 286 at 22 GHz or 43 GHz deviated from its intrinsic value or when the polarization angle uncertainty of 3C 279 was larger than the expected value. The rms uncertainties of the linear polarization observations due to the thermal noise were about 10 mJy and 15 mJy at 22 GHz and 43 GHz, respectively. The systematic error of the polarization angle measurements was ∼ 2
• at both frequencies due to the uncertainty of the polarization angle of the Crab nebula. The typical instrumental polarization leakage of the KVN system is < 5% at both frequencies, e.g., as shown in Figure 1c .
We also obtained the total flux density of 3C 279 from the cross scan observations taking into account the antenna pointing corrections as scans, respectively, HP BW is half power beam width of a KVN single-dish antenna, and EL off and EL off are the pointing offsets in the azimuth and elevation directions, respectively. We obtained the averaged peak value T A and converted it to the source flux density as S ν = 2kT /(ηA g ), where k is the Boltzmann constant, and η and A g are the aperture efficiency and area of a KVN single-dish antenna. For each observing epoch we adopted appropriate values for HP BW and A g (see Table 1 ) from the annual KVN status reports.
RESULTS
Our multi-frequency simultaneous polarization monitoring observations between 2013 December 25 and 2015 January 11 obtained 3C 279 total flux densities S ν of 22-34 Jy, 15-28 Jy, and 10-21 Jy at 22 GHz, 43 GHz, and 86 GHz, respectively. The respective light curves are shown in Figure 4 (top) and are summarized in Table 2 . The flux densities exhibit a mild global decrease with time of <50%, with no prominent flares over a period of about 390 days (MJD 56650-57040), and were almost constant or slightly increasing over a period of about 80 days .
The spectral index, α (S ν ∝ ν α ), between the 22 GHz and 86 GHz bands ranges from −0.13 to −0.36, implying that 3C 279 is a flat spectrum source. Its spectral index showed mild variability for about a year after the 2013 December giant γ-ray flare.
The linear polarization angle χ of 3C 279 is shown in Figure 4 (middle), and is in the range of 27
• -38
• , 30
• -42
• , and 33
• -50
• at 22 GHz, 43 GHz, and 86 GHz, respectively. After the giant γ-ray flare, the polarization angle rotated by ∼10
• on a timescale of ∼50 days. Faraday rotation scales with the square of the observing wavelength, λ, like χ obs = χ int + RMλ 2 . Using the polarization angles observed at 22-86 GHz, we estimate the rotation measure, RM, of the Faraday rotation of the polarized radio emission from 3C 279. The resulting RMs are shown in Figure 5 (middle). We find rotation measures in the range from −300 to −1200 rad m −2 between the 22 GHz and 43 GHz bands, and from −800 to −5100 rad m −2 between the 43 GHz and 86 GHz bands, respectively. An exception was the first measurement on MJD 56650 with a positive RM of about +500 rad m −2 between the 22 GHz and 43 GHz bands, leading to a RM change of about −1300 rad m −2 until the next measurement on MJD 56657.
The degree of linear polarization, p, of 3C 279 measured in the 22-86 GHz bands is in the range of 6 %-12 %. It exhibits a slightly decreasing trend with time over the whole period of observations. About 70 days after the giant γ-ray flare, the degree of linear polarization at 86 GHz showed a short-term increase from ∼ 10% to ∼ 12%, whereas the polarization fraction at other frequencies remained almost constant. After MJD 56750 the degree of linear polarization at all frequency bands started to decrease with time, and remained at low levels of around 6 %-9 %, although there are observation gaps due to KVN maintenance. 
DISCUSSION AND CONCLUSIONS
The multi-frequency light curves in total flux density of 3C 279 at the 22 GHz, 43 GHz, and 86 GHz bands show a mild global decrease with time of <50% with no prominent flares over a period of ∼390 days (MJD 56650-57040), and are almost constant or slightly increasing over a period of ∼80 days (MJD 56650-56730), maintaining the characteristics of a flat-spectrum radio quasar with a spectral index of α = −0.13 ∼ −0.36. We do not find a flaring brightening by a factor of > 5, which would be expected for a radio counterpart to the strong γ-ray flare detected in 2013 December (MJD 56650) (see Figure 1 in Hayashida et al. 2015) . The lack of such a radio flare may imply that the radio and γ-ray emission are generated by different populations of electrons, and at different locations, as indicated by Hayashida et al. (2015) for the X-ray, optical, and millimeter (230 GHz) bands. A similar report on the poor correlation of the light curves at radio (5, 15, 37, and 230 GHz) and γ-ray after the giant γ-ray flares in 2009 was given by Abdo et al. (2010) , indicating that the emission region responsible for the γ-ray flares is optically thick at radio wavelengths. It is possible that we have missed radio counterparts to the γ-ray flare, if these occurred right after the γ-ray peak on 2013 December 20, as there was a 4-day delay between the γ-ray flare and the start of our observations. However, this possibility can be excluded by the 230 GHz light curve obtained before and after the gamma-ray peak as reported by Hayashida et al. (2015) , where no prominent flare is detected, assuming that any gamma-ray flare optically thin at 22-86 GHz should be most likely optically thin at 230 GHz as well. Therefore, we suggest that the 2013 December γ-ray flare of 3C 279 originated in an emission region that is optically thick at radio frequencies of 22-86 GHz, or may be generated by different populations of electrons at locations different from those for the radio emission.
The linear polarization angle at 22-86 GHz bands showed no fast rotation over the time period of observations, and remained between 22
• and 50
• with a median angle of ∼ 36
• . The intrinsic polarization angles corrected for Faraday rotation ranged from 30
• to 53
• with a median anlge of ∼ 42
• , which is aligned to the jet direction of ∼ −142
• observed by the KVN at 22-129 GHz (Lee et al. 2015) . The radio polarization angle shows a behavior similar to the optical polarization angle over MJD 56615 and 56775 as reported by Hayashida et al. (2015) who reported an optical polarization angle around 50
• . The degree of linear polarization shows no prominent change or correlation corresponding to the γ-ray flare, although there were local enhancements or a global decrease with time of <50%. These imply that the radio and optical polarization emission regions may be different from the region responsible for the γ-ray flare and are maintained by the dominant magnetic field perpendicular to the direction of the radio jet at milliarcseconds scales.
For further investigation of the multi-frequency radio polarization of 3C 279, the degree of linear polarization at 22-86 GHz bands was fitted with a power law function of p(%) = Aλ β , suggested by Tribble (1991) and Farnes et al. (2014) , where A is constant, β is a polarization spectral index, and λ is the observing wavelength in cm. The best fit results of the power law model to the data are shown in Figure 6 , yielding β = −0.01 ∼ −0.23. Since the power law model of the degree of linear polarization explains the effect of external Faraday depolarization at longer wavelengths (see Burn 1966) , the best fit results indicate that the effect of external Faraday depolarization is very small within the polarization regions corresponding to the observing beams (30 ′′ − 130 ′′ ) of the KVN single-dish radio telescopes. This result seems in contradiction to the relatively high values of the estimated Faraday rotation RM from −300 to −1200 rad m −2 between the 22 GHz and 43 GHz bands, and from −800 to −5100 rad m −2 between the 43 GHz and 86 GHz bands. However, as suggested by Lee et al. (2015) for the multi-frequency polarization at a single epoch within the period of our observations, these results indicate that the polarization emission of 3C 279 at 22-86 GHz bands travels through a Faraday screen containing a uniform magnetic field that either persisted for ∼400 days after the γ-ray flare, or was not affected by the γ-ray events.
The stable, global characteristic of the magnetic field in the Faraday screen, unaffected by the γ-ray flare, suggest that the Faraday screen may be located away from the regions corresponding to the γ-ray flare so that the distribution of the dominant magnetic field is decoupled from the γ-ray flaring mechanism. We can constrain the location of the Faraday screen by investigating the frequency dependence of RM through a simple model ). The RM depends on the electron density n e , the parallel magnetic field strength to the line of sight B || , and the path length as RM ∝ n e B || dl. This simple jet model leads to a RM dependence on the observing frequency as above, assuming that, for optically thick VLBI cores, the distance r of the emission region to the central engine depends on the observing frequency ν as r ∝ ν −1 , the electron density n e and the magnetic field parallel to the line of sight B || in the region evolve as n e ∝ r −n and B || ∝ r −1 along the jet, and the path length l increases as a function of r as l ∝ r. For spherical or conical geometries of the jet, the appropriate value of the index a = 2. This model suggests that a Faraday screen affecting the multi-frequency polarization emission from a compact radio source is located in or near the jet when the frequency dependence a of RM is close to 2, as discussed in Jorstad et al. (2007) . With the multi-frequency polarization observations, we found that the RM frequency dependence is in the range of a = 0.7 − 3.4 with a mean of 2.2, as shown in Figure 5 . This seems similar to previous measurements of a = 1.9 − 3.6 for several AGN as presented in Lee et al. (2015) , although there are some cases with a = 0.7−1.9. This implies that the Faraday rotation of the radio polarization at 22-86 GHz occurs in or near the jet of 3C 279 whose geometry may be spherical or conical.
SUMMARY
The multi-frequency polarization monitoring observations of 3C 279 enable us to find the following:
1. The 2013 December γ-ray flare of 3C 279 originated in an emission region optically thick at radio frequencies of 22-86 GHz, or may have been generated by different populations of electrons at locations different from those emitting the radio emission. 2. The radio and optical polarization emissions originated from different region responsible for the γ-ray emission region are maintained by the dominant magnetic field perpendicular to the direction of the radio jet at milliarcsecond scales. 3. The polarization emission of 3C 279 at 22-86 GHz bands experience Faraday rotation by a Faraday screen containing a uniform magnetic field that persisted over ∼400 days after the γ-ray flare, or was not affected by the γ-ray events. To the extent that a simple jet model is applicable to the radio emission from 3C 279, we suggest that the Faraday rotation of the radio polarization at 22-86 GHz is generated in or near the jet of 3C 279 whose geometry may be spherical or conical.
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